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Background
The subclass copepods are more diverse than any other group of multicellular animals including insects and nematodes and so far approximately 12,000 described copepod species have been described [1, 2] . They dominate the zooplankton community contributing about 70% of total zooplankton biomass [3] and play an important role in the marine meiobenthic food web linking between the phytoplankton and higher trophic levels [4] . Harpacticoid copepods of the genus Tigriopus Norman 1868 are dominant members of shallow supratidal rock pools worldwide. They are distributed among habitats that vary widely in salinity, temperature, desiccation risk, and UV radiation, and have been used as a model system to investigate topics such as osmoregulation [5] , temperature adaptation [6, 7] and environmental toxicology [8] .
Although their biological and economic importance, currently there are no published Copepoda genome available yet.
Antarctica provides not only an extreme habitat for extant organisms, but also a model for research on evolutionary adaptations to cold environments [9, 10] . The Antarctic intertidal zone, particularly in the Western Antarctic Peninsula region, is one of the most extreme environments on earth. It also serves as a potential barometer for global climate changes, since it is the fastest-warming region on earth [11] . Antarctic intertidal species that have evolved stenothermal phenotypes through adaptation to a year-round climate of extreme cold may now face extinction by global warming. The response of these species to further warming in Western Antarctica is of serious concern; however, to date there have been few studies focusing on species from the Antarctic intertidal zone.
Tigriopus kingsejongensis was first found and recognized as a new endemic species in a rock pool in the Antarctic Peninsula ( Figure S1 and S2 in Additional file 1), and is extremely coldtolerant and can survive in frozen sea water [12] . We observed the morphological differences, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 such as increased numbers of caudal setae in nauplii, optimal growth temperature (ca. 8C) and developmental characteristics have been compared to those of the congener Tigriopus japonicus, which is found in the coastal area of the Yellow Sea. Tigriopus kingsejongensis has evolved to overcome the unique environmental constrains of Antarctica, and therefore provides an ideal experimental model for all aspects of research on extreme habitats. This species may represent a case of rapid speciation, since the intertidal zone on King George Island and surrounding areas did not exist before 10,000 years ago [13] . Tigriopus kingsejongensis likely evolved as a distinct species within this relatively short time period. Thus, inter-and intraspecies comparative analyses of Antarctic Tigriopus species will help define the trajectory of adaptation to the Antarctic environment and also provide insights into the genetic basis of Tigriopus divergence and evolution.
other species. We also found that 376 of the 458 CEGMA (Core Eukaryotic Genes Mapping Approach) core genes were identified in the gene models, of which, 356 (94.7%) were supported by the RNA-seq data.
Analysis Gene families
We constructed orthologous gene clusters using four arthropod species (Antarctic copepod, T. kingsejongensis; scorpion, Mesobuthus martensii; fruit fly, Drosophila melanogaster and water flea, Daphnia pulex) to compare the genomic features and the adaptive divergence in the arthropods. In total, 2,063 gene families are shared by all four species, and 1,028 genes are specific to the Antarctic copepod. Tigriopus kingsejongensis shares 4,559 (73.5%) gene families with D. pulex, which belongs to the same crustacean lineage Vericrustacea, 3,531 (56.9%) with D. melanogaster, and 3,231 (52.1%) with M. martensii ( Figure 1A ). Gene ontology (GO) analysis revealed that the 1,028 T. kingsejongensis-specific genes are enriched in transport (single-organism transport, GO: 0044765; transmembrane transport, GO: 0055085; ion transport, GO: 0006811; cation transport, GO: 0006812) and single-organism metabolic processes (GO: 0044710) (Table S8 and S9) . Subsequently, we performed gene gain-and-loss analysis on 11 representative species, and found that T. kingsejongensis gained 735 gene families and lost 4,401 gene families ( Figure 1B , Table S10 in Additional file 2). Thus, this species exhibits a gene family turnover of 5,136, the largest value among the eight arthropods. We also analyzed expansion and contraction of the gene families (Table S11-S13), and found 232 significantly expanded gene families in T.
kingsejongensis; these gene families are significantly overrepresented in amino acid metabolism and carbohydrate metabolism in KEGG metabolic pathways ( Additional file 2).
Genome evolution
Adaptive functional divergence caused by natural selection is commonly estimated based on the ratio of nonsynonymous (dN) to synonymous (dS) mutations. The average dN/dS ratio (w) from 2,937 co-orthologous genes of T. kingsejongensis (0.0027) is higher than that of (Table S16 in Additional file 2) and T. japonicus (Table S17 in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 
Temperature-specific gene expression patterns
Cold temperatures are a key factor in the Antarctic environment, and represent a major driving force of adaptation and evolution among Antarctic organisms. To determine the genetic basis for the metabolic adjustment of Tigriopus to cold and warm temperatures, we compared temperature-dependent RNA expression at 4C and 15C ( Figure 3A , Table S6 Table S20 in Additional file 2). Among these GO terms, the transmembrane transport (GO: 0055085) term included four facilitated trehalose transporter genes (Tret) ( Table S21 in Additional file 2). Trehalose is the main hemolymph sugar that serves as a nutrient source in most arthropods; further, it acts as a protectant, promoting insect survival against harsh conditions such as desiccation, heat and cold [14, 15] . One strategy used by many insects to tolerate cold temperatures is the induction of high levels of polyols (such as glycerol or sugars including trehalose), which act as cryoprotectants. In Antarctic midge, the injection of trehalose enhanced resistance to heat and cold stress and dehydration [16] . The T. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 subfunctionalization [17] . Duplication of Tret genes in Antarctic Tigriopus (TkTret) may represent an important evolutionary innovation, since they are known to be involved in the production of cryoprotectant nutrients. Notably, at cold temperatures, the expression of two
Tret genes (TkTret1-3 and TkTret1-7) were highly upregulated (38 to 42-fold), and those of two other Tret genes (TkTret1-5 and TkTret1-6) were slightly upregulated (2 to 5-fold) in the T. kingsejongensis. Additionally, we found 356 overrepresented transcription factor binding sites in the promoter regions among 2,276 upregulated genes at 4C using F-Match analysis with TRANSFAC data (Table S23 in 
Discussion
Although it is difficult to elucidate the transcription factor's primary role in the cell, differential expression of transcription factors is an important mechanism for regulating the expression of targeted genes in cold environments. These putative cold-regulated transcription factors have been reported to regulate gene networks not only to maintain normal energy production in cold environments, but also to help withstand constant low temperatures and seasonal food scarcity in the extreme environment of Antarctica. We were unable to see the increase on genes responsible for trehalose biosynthesis, assuming that T. kingsejongensis regulate the trehalose levels via facilitation of transporter in harsh but endurable condition (e.g., 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 4C in our experiment) rather than synthesize trehalose itself which usually happens in lifethreatening condition (e.g., desiccation and frozen). As in larvae of Polypedilum vanderplanki, desiccation stress induces trehalose synthesis [25, 26] and gene expression of Tret1 in the fat body, it would be interesting to see whether the similar induction happens during some days on a year-round condition in Antarctica.
Mitochondrial DNA-and nuclear-encoded mitochondrial genes, particularly those belonging to the OxPhos pathway, are highly conserved, even between distantly related species Despite their extraordinary species richness, economic and environmental importance, genomic and genomic information about copepods has been limited. This study presents the first genome sequence, to our knowledge, of Copepoda. The evolutionary analyses based on novel T. kingsejongensis whole-genome and transcriptome data provide important insights into adaptation to harsh Antarctic environments. Further understanding of the signatures of adaptive evolution in similar environments is necessary for functional analysis of the genes identified in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 this species. The present work provides an Antarctic eco-model system that can be used for further research on adaptations, ecological and population studies of Antarctic biota, as well as a foundation for addressing key issues related to the management of Antarctic environmental changes.
Methods

DNA library construction and sequencing
Tigriopus kingsejongensis were collected from tidal pools in Potter Cove, near King Sejong Station, on the northern Antarctic Peninsula (62°14'S, 58°47'W) in January 2013 with a hand-nets ( Figure S1 and S2 in Additional file 1). Water temperatures were 1.6 ± 0.8C during this month. High-molecular-weight genomic DNA from pooled T. kingsejongensis was extracted using the DNeasy Blood & Tissue Kit (Qiagen). For Illumina Miseq sequencing, four library types were constructed with 350, 400, 450, and 500 bp for paired-end libraries, and 3 kb and 8 kb for mate-pair libraries, prepared using the standard Illumina sample preparation methods (Table S1 in Additional file 2). All sequencing processes were performed according to the manufacturer's instructions (Illumina).
Genome assembly
First, assemblies were performed using a Celera Assembler with Illumina short reads [35. Prior to assembly, Illumina reads were trimmed using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit) with parameters -t 20, -l 70 and -Q 33, after which a paired sequence from trimmed Illumina reads was selected. Finally, trimmed Illumina reads with 65-fold coverage (insert sizes 350, 400, 450, and 500 bp) were obtained and converted to the FRG file format (required by the Celera assembler) using FastqToCA. Assembly was   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 Mb.
Annotation
We used MAKER for genome annotation [37] . MAKER is a portable and easily configurable genome annotation pipeline. MAKER first identified repetitive elements using RepeatMasker [38] . This masked genome sequence was used for ab initio gene prediction with SNAP software [39] , after which alignment of expressed sequence tags with BLASTn and protein information from tBLASTx were included. We used the de novo repeat library of T.
kingsejongensis from RepeatModeler for RepeatMasker; proteins from five species with data from D. melanogaster, D. pulex, T. japonicus, and Tigriopus californicus were included in the analysis. RNA-seq-based gene prediction was performed by aligning all RNA-seq data against the assembled genome using TopHat [40] , and Cufflinks [41] was used to predict cDNAs from the resultant data. Next, MAKER polished the alignments using the program Exonerate [42] , which provided integrated information to synthesize SNAP annotation. MAKER then selected and revised the final gene model considering all information. A total of 12,772 genes were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65
Evolutionary analysis
To estimate dN, dS, w, and lineage-specific PSGs in T. kingsejongensis and T. japonicus, protein-coding genes from T. japonicus (Table S24 in Additional file 2) were added to define orthologous gene families among the four species (T. kingsejongensis, T. japonicus, D. pulex, and D. melanogaster) using the program OrthoMCL with the same conditions previously described. We identified 2,937 orthologous groups shared by all four species, and single-copy gene families were used to construct a phylogenetic tree and estimate the time since divergence using the same methods described above. Each of the identified orthologous genes was aligned using the PRANK, and poorly aligned sequences with gaps were removed using Gblock. Alignments showing less than 40% identity and genes shorter than 150 bp were 
Gene expression under temperature stress
Tigriopus kingsejongensis were captured at the King Sejong Station (62°14'S, 58°47'W) and acclimated in large tanks with circulating fresh sea water at 4.0 ± 0.2C for at least 7 days prior to experiments. We prepared two other large tanks at 4C and 15C for control 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 and heat stress, respectively. After acclimation, two groups of 20 specimens each of T.
kingsejongensis were collected at 5 days after culture. For RNA-seq experiments, we prepared mRNA from each sample. Sequencing was performed with Illumina Miseq, and generated reads were trimmed to ~30 bases in length and ~20 in base quality (Table S6 in 
RNA-seq analysis of T. japonicus
Tigriopus japonicus experiments were carried out under the same conditions as described above. The de novo transcriptome assembly was performed with CLC Genomics Workbench, setting the minimum allowed contig length to 200 nucleotides. The assembly process generated 40,172 contigs with a max length of 23,942 bp and an N50 value of 1,093 bp. These generated contigs were used as reference sequences for mapping of trimmed reads, and fold changes in expression for each gene were calculated with a significance threshold of P ≤ 0.05 using CLC Genomics Workbench (Table S24 in Additional file 2).   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64
Availability of supporting data
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